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INTRODUCTION
The Public Health Service (U.S. Dept. of Health, Education and
Welfare, 1967) estimated that approximately one quarter of the new homes
built in 1967 were designed to include an individual septic tank-soil
absorption system as a means of sewage disposal. Although accurate
figures are unavailable, there are indications that this situation con
tinues to exist.
The proper disposal of human excreta is a major factor in the pre
vention of many dangerous diseases (e.g. dysentery, infectious hepatitis
and typhoid) and, as such, is subject to a number of state regulations
(Iowa State Dept. of Health, 1976). These regulations, together with
numerous recommendations (Bendixen et al., 1950; Weibel et al., 1949;
Weibel et al,, 1955) are intended to ensure that all human and domestic
wastes are disposed of such that:
i) Drinking water supplies and recreational areas are not contami
nated.
ii) Public health hazards are not created by allowing access to
insects, rodents or other carriers which may subsequently con
taminate food or drinking water.
iii) Access to waste products by children is prevented.
Iv) Laws governing water and environmental pollution are not violated,
v) Nuisances are not created due to unpleasant odors or unsightly
appearance.
These criteria are most readily met by discharge to a public or
community sewerage system, however when this Is not feasible, the septic
tank-soil absorption system provides a satisfactory solution provided
that soil and site conditions are favorable.
The criterion conventionally applied to determine a soil's suita
bility is that it should have a percolation rate between 12 s/mm and
140 s/mm as determined by a percolation test (U.S. Dept. of Health, Edu
cation and Welfare, 1967). Soils with a percolation rate faster than
12 s/mm are considered to be potentially hazardous since the primary
effluent percolates rapidly towards the groundwater allowing insuffi
cient time for natural secondary treatment to take place. Soils with a
percolation rate slower than 140 s/mm frequently have a high silt and
clay content thereby preventing the sufficient Ingress of atmospheric
oxygen, the egress of gaseous products of decomposition, and the free
draining of the treated effluent. It is for these latter low permea
bility conditions that a commercial concern has sought to market the
Sewage Osmosis System which is the subject of this thesis.
Conventional Soil Absorption Systems
A soil absorption system commonly consists of a 'field' of 100 mm
dlan^ter agricultural drain tile, vitrified clay sewer pipe or perfo
rated, non-metallic pipe laid in trenches of coarse aggregate. Primary
effluent from a septic tank is discharged continuously or periodically
into the distribution pipes. Subsequent seepage into the trench and the
surrounding soil allows secondary treatment to take place. Experience
has shown that satisfactory results are achieved if the coarse aggregate
(effective diameter range 12—60 mm) is placed in trenches which are a
minimum of 600 mm in depth and 300 mm in width. The pipe is placed to
permit the aggregate to extend to a minimum of 150 mm below and 50 mm
above it. The remainder of the trench is backfilled with a minimum of
300 ram of indigenous material.
The length of the trenches is governed principally by the quantity
of effluent to be treated and by the percolation rate obtained for the
soil. The hydraulic load is estimated from the number of bedrooms being
served, and the percolation rate from a percolation test.
The Sewage Osmosis System
The originator of the Sewage Osmosis System claims that two simple
additions to the conventional soil absorption system will allow secondary
treatment and effluent disposal in a low permeability soil normally con
sidered to be unacceptable. A series of pits is installed adjacent to
the absorption trench and filled with a mineral rock. A similar series
of pits is installed remote from the trench and filled with carbon in the
form of graphite and coke (see Fig. 1).
In essence the licensee's sales literature claims that:
1) the dissimilar materials in the pits form the anode and cathode
of a galvanic cell, with an e.m.f. of approximately 1 V,
11) the potential developed by the above is sufficient to electrolyze
water, the nascent hydrogen escaping to the atmosphere and the
nascent oxygen remaining to satisfy the requirements of the
aerobic bacteria, and
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ill) the potential developed causes water to flow through the soil due
to electroosmosis.
The licensee has a number of system progress reports and satisfied
customers* letters to vouch for the success of installed systems. The
principle has been applied to the subsurface drainage of a parking lot,
and is also recommended for highway and railroad sub—grade drainage.
OBJECTIVES
The licensee's claims pose a number of theoretical problems, and
the objectives of this work are primarily concerned with the fundamental
principles involved. The objectives are:
i) to design and construct a small-scale laboratory model of the
mineral rock/soil/carbon complex,
ii) to determine the magnitude and direction of any electrical poten
tial developed in the model,
iii) to determine the hydraulic conductivity of the soil in the model
before and after the addition of the mineral rock and carbon
elements,
iv) to identify the mechanism associated with any change in the
hydraulic flow in the model, and
v) to relate the laboratory findings to the full scale-system.
THEORY AND LITERATURE REVIEW
As stated earlier, three physical-chemical phenomena are claimed to
be involved in the sewage disposal process:
i) the galvanic cell,
ii) the electrolysis of water, and
iii) electroosmosis.
The basic theory and its application in sewage disposal, for each
phenomenon, will be discussed separately in the first three sections of
this chapter, and in combination in the final section.
The Electrochemical Cell
The theory of electrolysis may be found in a number of standard
texts (Glasstone, 1943, 1946; Lyons, 1967), however a review of the
fundamentals is presented here.
An ionic substance in solution with water forms a conductor, termed
an electrolyte. There is a basic difference, however, between electrical
conduction in an electrolyte and electrical conduction in a metal, in
that in the latter the electrons are free to move independently, whereas
in the former they are constrained to move only as constituent parts of
ions or molecules. When an electron leaves a metallic conductor to enter
the solution it must be associated with some chemical species such as
C1 and OH . This process of association or addition is termed reduc
tion. Similarly when an electron leaves the solution to enter a metallic
conductor, it is dissociated from the chemical species in a process
termed oxidation. These processes of reduction and oxidation, known
collectively as electrolysis, both occur whenever a current flows between
electrodes. The electrodes at which reduction and oxidation occur are
called the cathode and anode respectively; these, together with the elec
trolyte, form an electrochemical cell.
If current is supplied to the cell from an external source, then it
is said to be an electrolytic cell, and the anode is positive with re
spect to the cathode. Conversely, if current is drawn from the cell, it
is said to be a galvanic cell, whereupon the anode is negative with re
spect to the cathode, since the negatively charged ions, the anions,
always travel towards the anode and the positively charged ions, the
cations, always travel towards the cathode regardless of whether the cell
is electrolytic or galvanic in nature.
If a piece of metallic zinc, for example, is immersed in a solution,
a few zinc atoms will lose electrons and dissolve as cations. The elec
trons remaining in the parent metal will give it a negative charge, thus
attracting back the cations which reunite with electrons to form deposits
of metallic zinc. Equilibrium is established when the rate of zinc depo
sition equals the rate of zinc dissolution, whereupon the zinc is at a
definite potential with respect to the solution. Some metals (sodium for
example) never reach an equilibrium potential. Others (such as gold and
platinum) have little tendency to yield electrons and to form cations,
and thus the equilibrium potential is determined by some other oxidation-
reduction reaction. This reaction may involve known reagents under study
or may involve trace impurities. The equilibrium potential is dependent
on the nature of the metal ions and on their ionic activity. To compare
equilibrium potentials associated with various metals, a standard charac
teristic potential is required. This potential, called the standard
electrode potential, is determined for a solution with unit ionic activ
ity at 25'*C for a defined ionic reaction. A list of these potentials
constitutes the familiar electromotive series.
Since any potential measuring device requires two connections, meas
urement of electrode potentials always involves two electrodes and there
fore two electrode potentials; thus single electrode potentials cannot be
measured in isolation. It is expedient for practical purposes to arbi
trarily assign zero potential to the hydrogen electrode, and to relate
other electrode potentials to this datum. The hydrogen electrode con
sists of a platinum conductor saturated with hydrogen gas at one atmos
phere pressure at 25°C, and placed in a solution with unit hydrogen ion
activity. Traditionally the electromotive series commences with elements
forming electrodes more negative than hydrogen and terminates with ele
ments forming electrodes more positive than hydrogen. From thermody-
namlc conventions, physical chemists in the U.S.A. tabulate the potential
of the ion solution with respect to the electrode. Thus the sign of the
standard potential is reversed, although its magnitude remains unchanged
(Lyons, 1967).
Standard electrode potentials are meaningful for elements in con
tact with their ions in solution, as well as for different ionic states
in equilibrium. For example, the standard electrode potential for ferric
ions in equilibrium with ferrous ions is + 0.771V. These latter
10
potentials will be considered in more detail with reference to soil
redox potentials.
As previously stated, the potential between the electrode and the
solution depends on the ionic activity. Thus the standard electrode
potential is a special case of the more general half potential, oxida
tion-reduction potential, or redox potential. The magnitude of the half
potential for any electrode reaction is given by the Nernst equation:
Eh - E° +f log^
where Eh = the half potential (V)
E® = the standard electrode potential (V)
R = the gas constant (8.34 j/mol-^K)
T ® the absolute temperature (°K)
z = the number of electrons participating in the reaction
F « the Faraday equivalent (96,497 coulombs/equivalent)
the molar concentration of the metal ion (g-mol/1)
(or, for exactness, the activity of the metal ion in
g-ion/1)
Z'i'
Clearly, under standard conditions the value of M in the Nernst
equation equals unity, and the second term equals zero; the half poten
tial then becomes equal to the standard electrode potential. At inert
electrodes, such as gold, platinum and graphite, reactions take place
within the solution at the electrode interface. The solid acts only as
an electron conductor, and the half potentials are those of the ions in
equilibrium. The half potential is then given by a modification to the
Nernst equation:
11
. RT , [Ox]Eh . E + -^ log^
where [Ox] » the activity of the oxidizing ion (g-ion/1)
[Red] = the activity of the reducing ion (g-ion/1)
The standard potential, E®, is equal to the half potential, Eh, when
the activities of the oxidizing and reducing ions are equal and the sec
ond term in the expression becomes zero.
In theory the equilibrium potential or electromotive force (e.m.f.)
of any galvanic cell is the difference between the half potentials at the
two electrodes. The sign of this potential will depend on how the dif
ference is calculated; the anode will always be negative and the cathode
positive, but by international convention (Mathewson, 1971) the sign at
tached to the e.m.f. of the cell is that corresponding to the polarity of
the right hand electrode as the cell is viewed.
Redox Potentials and their Measurement in Soil
Soil water in situ contains numerous ionic salts and is therefore an
electrolyte providing the basis for an electrochemical half cell. The
redox potential of this half cell, which is due to ionic equilibria, may
be measured if an inert electrode is placed in the system and reference
is made to the half cell of a standard electrode (Bear, 1955).
Soil is a complex medium and therefore tends to have somewhat vari
able chemical and physical properties. The change in a soil's redox
potential was studied by a number of workers in the earlier part of this
century (Bradfield et al., 1934; Brown, 1934; Buehner et al., 1939;
12
Gillesple, 1920; Heintze, 1935; Quispel, 1947; Volk, 1939; Pearsall,
1938; Stephenson et al.. 1938; and Willis, 1932) in order to characterize
the soil in a simple, reproducible way. After initial interest, soil
scientists seem to have concluded that it has little value, nevertheless
more recently Harter and McLean (1965) suggested that its use may be
valid for characterizing poorly aerated soils. Other workers (Redman and
Patrick, 1965; Armstrong, 1967) have also paid attention to the study of
redox potentials in waterlogged soils.
The original pioneering work of Gillespie (1920) however, outlines
the theory of redox potentials and half-cells in soils and draws the use
ful analogy between the concepts of redox potential (Eh) and pH. The
redox potential (Eh) is a function of the pH since the hydrogen ion
activity appears in the term [Red] of the Nernst equation. Buehner and
his coworkers (Buehner et al., 1939) summarize the values obtained for the
constant of proportionality relating Eh to pH in soil as found by various
investigators. This illustrates the wide empirical deviation from the
theoretical value of -0.059 as determined by the evaluation of the con
stants of the Nernst equation (Michaelis, 1930; Hewitt, 1936). It is
necessary therefore to account for pH when comparing redox potentials.
The determination of redox potentials requires measurement against
a standard electrode. If differences in redox potentials only are re
quired, as would seem to be the case in studying the Sewage Osmosis Sys
tem, measurement between two inert soil electrodes will suffice.
Gillespie (1920) used electrodes of mercury, amalgamated platinum,
bright platinum and gray platinum. Willis (1932), Bradfield et al,(1934)
13
and Brown (1934) all used bright platinum electrodes but these were later
criticized by Quispel (1947) who pointed out that bright platinum elec
trodes are not totally inert when high oxygen potentials are being meas
ured in poorly poised systems. Quispel suggests that platinum black
electrodes, which catalyze oxygen reactions preventing the formation of
platinum oxides, be used to obtain reproducible results that agree more
closely with theoretical values. Buehner et al. (1939) emphasized the
importance of welding or soldering the platinxim electrode to its copper
conductor, since the mercury contact used by earlier workers was found
to produce erratic potentials attributed to the poisoning effect of the
mercury. Armstrong (1967) and Poel (1960) both developed similar elec
trodes for in-field use; these essentially consisted of an externally
insulated steel conductor to the end of which was soldered a bright plat
inum wire.
Electrolysis
The term electrolysis, that is the breaking down by electricity,
includes not only the conversion of electrolytes to neutral aggregates
of atoms, but also changes in oxidation state as a result of externally
applied voltages.
If a gradually increasing potential is applied to the electrodes of
an electrochemical cell, the current will be found to rise comparatively
slowly until, at a characteristic potential, appreciable electrolysis
begins and the current rises more rapidly. Extrapolation of the latter
part of the current/voltage curve back to zero current determines the
14
decomposition potential for the electrolyte. Decomposition potentials,
though useful in practical situations, have no fundamental significance.
The decomposition potential of a cell is the difference between two
separate electrode discharge potentials. If one of the electrodes is the
standard hydrogen electrode, then the decomposition potential of the cell
is the discharge potential of the other electrode since the standard
hydrogen electrode, being reversible, has a discharge potential of 0.0 V.
For the majority of metals in equilibrium with their ions in solution
under standard conditions, the discharge potential is little different
from the standard potential; the association and dissociation are taking
place reversibly. In many cases, however, particularly when gases are
evolved, the discharge potential differs considerably from the standard,
whereupon the electrode is said to be polarized and the difference in the
potentials is known as the overvoltage.
The decomposition voltage for water and most strong electrolytes,
where oxygen and hydrogen are evolved, is approximately 1.7 V regardless
of the concentration or type of electrode (Glasstone and Lewis, 1946).
The overvoltage in this case, due to polarization at the electrodes, is
approximately 0.47 V.
In 1833 Faraday found that the quantity of primary product formed
by electrolysis is proportional to the quantity of electricity passed
through the solution and that the quantities of different primary prod
ucts formed by a given quantity of electricity are in the ratios of their
chemical equivalent weights (Lyons, 1967). One chemical equivalent of a
substance reacts in electrolysis when one faraday of electricity, i.e.
15
96,496 ampere-seconds or coulombs, is passed. When 1 mole of water, i.e.
18 g of water. Is decomposed into 16 g of oxygen and 2 g of hydrogen, 2
faradays of electricity must pass, since the chemical equivalents of
oxygen and hydrogen are 8 g and 1 g, respectively. If the applied poten-
3
tial is 1.7 V, then approximately 91.2 W-h/mol, i.e. 5.06 MW-h/m is
3
required for decomposition, assuming the density of water to be 1 g/cm ,
Electrolysis of Sewage
It is reported that probably the first application of electrolysis
in sewage disposal was made at Crossness, England, in 1890 (Moerk, 1918).
This process, known as the Webster process, relies on the oxidation of
the iron anodes to ferric hydroxide, and the production of nascent oxy
gen. The ferric hydroxide acts as a coagulent, and the oxygen meets the
demands of aerobic bacteria. A potential of 1.8 V was applied. The
treatment required 218 coulombs/1 of sewage, i.e. an electrical energy
requirement of 110 W-h/m of sewage treated. It was reported that the
system showed no economy over the direct addition of iron salts.
The Direct Oxidation Process, devised by C. P. Landreth (Moerk, 1918)
produces nascent hydrogen and oxygen only. The steel electrodes are made
passive by the addition of calcium hydroxide which also acts as a coag
ulent. The nascent hydrogen, produced at the cathode, reduces unstable
organic matter performing the function of anaerobic bacteria, whilst
oxygen, produced at the anode, causes oxidation. It is reported that
decomposition by nascent hydrogen and oxygen is preferable to that by
bacteria, since the action is immediate and little affected by changes in
16
temperature or the presence of germicides* The first prototype was
installed at Elmhurst, L.I. where domestic sewage was processed at the
•a
rate of about 3000 m /day with an electrical energy requirement of
3
28 W-h/m of sewage treated.
Electroosmosis
Reuss, as cited in Greyson (1970), is believed to have been the
first person to report the physical-chemical phenomenon of electro-
osmosis. He observed that if an electrical potential is applied to a
porous diaphragm, water moves through the diaphragm capillaries towards
the cathode (negative electrode), and that when the potential is removed
flow ceases. The basis for this phenomenon is the existence of an elec
trical double layer about the surface of the solid material. The details
of this double layer are presented by Adamson (1960) and Mysels (1959),
and are discussed specifically in relation to soil by Baver et al. (1972),
Kirkham and Powers (1972) and Terzaghi and Peck (1948). Clay particles
assume a net negative charge due to the nature of their crystal lattice
but, in order to maintain overall neutrality, an equivalent positive
charge exists in the soil solution in the form of an excess of cations
over anions. The negative charges of the clay particle and the positive
charges of the excess anions form the so-called double layer. The dis
tribution of the cations in the double layer is somewhat complex and,
although simplified by Helmholtz (Mysels, 1959), is known to be diffuse.
The double layer is more accurately described as consisting of an
adsorbed compact layer, called the Stern layer, and a diffuse layer
17
called the Gouy layer (Kirkham and Powers, 1972; Shaw, 1969). The Stern
layer is thus an integral part of the soil particle whilst the Gouy
layer, being in dynamic equilibrium with the Stern layer and the bulk
solution, is mobile. Application of an electric field draws this mobile
Gouy layer towards the cathode carrying with it the bulk solution.
It can be shown (Glasstone, 1946; Shaw, 1969) that the quantity of
liquid moved in unit time by electroosmosis in a single capillary is
given by:
2
q _ EDr Z
® 4Lv
where E = the applied electrical potential
D » the dielectric constant of the liquid
r = the radius of the capillary
Z « the zeta potential (the potential between the Stern and
Gouy layers)
L = the length of the capillary between the electrodes
V = the viscosity of the liquid
The above are measured in consistent units and the assumption is made
that the capillary diameter is large in comparison with the double layer
It can also be shown (Greyson, 1970) that, unlike laminar hydraulic
flow, the electroosmotic flow velocity is independent of capillary diam
eter. This property lends electroosmosis to the draining of finely
divided solids.
18
Electroosmotic Drainage and Dewatering of Wastes
Electroosmotic drainage of earthworks and foundations in tight clay
soils was originated by Casagrande (19A7) in 1936, and was applied suc
cessfully on a number of sites from 1939. The practicalities of the
operation are explained by Casagrande (19A7) and by Terzaghi and Peck
(1948) who also outline the theory. In practice, where drainage by other
means has been unsuccessful, well points are driven into the region to be
drained, along with sacrificial steel anodes in the form of gas pipe.
When a potential is applied between the anodes and the well point cath
odes, water flows to the well points and is removed In the conventional
manner. Casagrande*s (1947) main interest in electrical consumption was
in terms of energy expended per unit of material excavated, however it is
possible to calculate from the data presented that, when potentials
between 10 and 200 V were applied and currents between 15 and 50 A were
drawn, electrical energy requirements were in the range of 1.4 to 50
kW-h/m of water removed. Terzaghi and Peck (1948) allude to the fact
that salts dissolved in the groundwater greatly affect its conductivity
and that specific drainage energy requirements cannot as yet be pre
dicted. Van Rooyen (1956) conducted some limited experiments on electro
osmotic flow in unsaturated soils and, in common with Casagrande (1953)
and Rollins (1955), states that flow rates begin to decrease under pro
longed applications of electrical potential. This decrease is attributed
to deposits forming on the electrodes, cementation of the soil particles,
blinding of the soil pores, and increasing resistivity in the circuit.
Casagrande (1947) makes reference to the dewatering of industrial sludge
19
wastes by electroosniosls, but indicates that it is generally expensive
and that its effectiveness is directly related to the moisture content
of the waste.
Beaudoin (1943) and Cooling, as cited by Greyson (1970), investi
gated the treatment of sewage sludge by electroosmosis in conjunction
with more traditional processes and found it to be uneconomical. Beau
doin (1943) reports electrical energy consumption per unit of dry matter
recovered. From his data it is possible to calculate that electrical
energy requirements were in the range 28.6 to 180 kW—h/ton i.e. 32 - 200
•a
kW-h/m of water removed. Greyson (1970) however investigated the elec-
troosiBotic phenomenon as an independent unit process in the treatment of
sewage and developed two types of laboratory-scale prototype electro-
osmotic pumps. He found that the specific power requirement is directly
related to the electrode spacing. At an electrode spacing of 21 mm a
3
mean electrical energy requirement of 0.10 W-h/ml i.e. 100 kW—h/m of
water removed was determined for wet sludges, but was found to rise as
3
high as 1.5 W-h/ml i.e. 1.5 MW-h/m of water removed as the sludges
dried out. Average electrical energy requirements ranged from 0.10 to
0.24 W-h/ml i.e. 100 to 240 kW-h/m of water removed. Greyson (1970)
also reported on the electrical energy requirement for dewatering two
water treatment sludges. He found them to be somewhat lower than those
3
for sewage sludges at 0.015 to 0.033 W-h/ml i.e. 15 to 33 kW-h/m of
water removed.
20
The Sewage Osmosis System - Theoretical Considerations
It is apparent that an electrochemical cell cannot simultaneously
be both galvanic and electrolytic, since current cannot be applied and
withdrawn from the cell at the same time. If the mineral rock/soil/
carbon complex forms a galvanic cell it would be desirable to determine
its potential and to identify Its electrode reactions.
Flexner and Barron (1930) report that graphite electrodes behave
similarly to platinum electrodes in redox reactions even when they are
impure and in poorly poised systems. Butler et al. (1926) reported
similar findings for graphite in solutions with low redox potentials.
It would appear, then, that any redox potentials developed about the coke
and graphite electrode are those due to the equilibria of ions with dif
fering oxidations state in the solution.
Wells (1914) discusses the possibility of electrical activity in
mining ores due to the galvanic cell phenomenon and observes that min
erals may form the electrodes of such a cell. He also points out that
the potential developed at an inert mineral electrode is due to the
equilibrium between reducing and oxidizing ions in the electrolyte. He
found that far greater potentials are developed by a cell having elec
trodes of the same mineral immersed in solutions of differing ionic con
centrations than by a cell having dissimilar mineral electrodes immersed
in the same solution. Thus most minerals behave as inert electrodes in
a similar manner to impure carbon.
Wells postulated that a working galvanic cell may occur in nature
when a large mineral mass is in contact with an oxidizing solution near
21
the surface and a les3 oxidizing or reducing solution at a greater depth.
The two solutions must be separated from each other by some circuitous
connection, such as a vein solution, to prevent direct mixing which would
cause neutralization without any electrical effect. This type of circu
itous connection is exemplified by the porous pot in the Daniel cell.
The conventional current would pass downward in the solid mineral con
ductor and upward in the electrolytic conductor, since the circuit is
complete. In the electrolytic conductor the current would consist of
cations migrating upward and anions migrating downward. Wells did not
attempt to measure any such potentials in the field since the findings of
other workers were negative, but in the laboratory he rarely detected
potentials exceeding 1 V.
Wells' work would suggest that:
i) the mineral rock in the Sewage Osmosis System would also behave
as an inert electrode, and that if any potential is developed
between it and the carbon complex it is principally due to dif
fering ionic concentrations,
ii) this potential would probably be less than 1 V, and
iii) if the cell is a working cell, there must be an external, solid
conductor.
If the mineral/soil/carbon complex forms an electrolytic cell it would be
desirable to identify the external power source and the electrode reac
tions.
Notwithstanding that there would appear to be no external, identifi
able power source in the Sewage Osmosis System, the decomposition
22
potential and the energy requirements for the electrolysis of water
eliminate the evolution of nascent hydrogen and oxygen as possible elec
trode reactions. Wells indicates that electrolysis due to potential
differences between natural mineral electrodes may be economically sig
nificant in the electrodeposition of precious metals over geologic time,
but infers that the ramifications of other reactions are minimal. From
similar arguments the effects of electroosmotic drainage may be consid
ered negligible.
23
THE LABORATORY MODEL
The laboratory model was designed to include the following features:
i) readily attachable portions containing mineral rock, carbon
material and a soil sample,
ii) a means of adjusting, maintaining and determining the hydraulic
gradient along the soil sample,
iii) a means of determining the magnitudes and directions of electrical
potentials produced within the mineral rock/soil/carbon complex,
and
iv) a means of determining hydraulic flow rates.
For convenience, 75 mm internal diameter plastic sanitary fittings
and flexible plastic tubing were used in the construction of the model
wherever possible (Fig. 2), The model consisted of a central section of
75 ram diameter pipe approximately 0.5 m in length containing a disturbed
soil sample which was prevented from leaving the pipe at each end by
means of cheesecloth supported with plastic gauze. To both ends of the
pipe were attached closet flanges allowing either the closing of the pipe
with a blanking plate or the attachment of similar but shorter (approx
imately 0.2 m) lengths of pipe containing mineral rock or carbon. These
pipes were equipped similarly with flanges at each end. The flange con
nections were made with four, 6.4 ram diameter bolts, with a watertight
seal provided by a non-setting sealing compound.
Water entered the model through the blanking plate at one end, and
after passing through the soil sample (and the mineral rock and carbon
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when Included), it left through the blanking plate at the other end. The
hydraulic head difference was maintained by a constant head device, which
allowed a small quantity of water to flow to waste, and an outflow weir.
The hydraulic head difference could be varied by adjusting the relative
heights of the constant head device and the outflow weir on their re
spective supporting columns. Two manometers, one in each flange of the
soil sample pipe, indicated the hydraulic head at each end of the soil
sample, thus enabling the hydraulic head difference to be determined.
The various components of the model were supported by a wooden frame.
Seven electrodes, made from 22 gauge platinum wire platinized by the
method recommended by Quispel (1947), protruded approximately 10 mm into
the mineral rock, soil sample and carbon to allow electrical potential
differences to be measured. For comparative purposes a duplicate set of
stainless steel electrodes were similarly installed and, like the plat
inum-black electrodes, were fixed and sealed to the pipes with epoxy-
resin.
The water leaving the outflow weir was collected in a 100 ml meas
uring cylinder to determine flow rates and thence the hydraulic conduc
tivity of the soil sample. Since the flow rates were relatively low, the
outflow weir was covered with a loose fitting plastic cover, thereby
retaining atmospheric pressure within whilst preventing significant
losses by evaporation. For the same purpose, the outflow tube entered
the measuring cylinder via a rubber bung.
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Procedure
A disturbed soil sample was collected at a depth of approximately
0.5 m in the vicinity of a soil absorption field with a mean percolation
rate of 43 s/mm. A portion of this sample was moistened and used to fill
3
the soil section of the laboratory model at a bulk, density of 1.60 g/cm .
A sample of the mineral rock used in the Sewage Osmosis System was
crushed and that fraction passing through a 19 mm sieve and retained by
a 4.75 mm sieve was used in the model.
A number of preliminary tests were undertaken to evaluate the per
formance of the model and to develop an experimental technique. For the
final test the model was assembled and the soil coliamn alone subjected to
a hydraulic gradient of approximately 1.3 for 16 days. The hydraulic
conductivity of the soil was calculated periodically (see Appendix B) and
recorded together with the potential differences developed along the soil
column. The potential differences were determined by means of a high-
impedance, transistorized voltmeter connected in turn across the plati
nized and stainless steel electrodes.
At the end of the 16 day period the hydraulic gradient was removed
and the mineral rock pipe added, care being taken to support the soil
column from below whilst the model was up—ended. The hydraulic gradient
was reapplied for 5 days and the hydraulic conductivity of the soil and
the potential differences developed along the mineral rock and soil
column recorded as before.
At the end of this 5 day period, the carbon pipe was added and the
carbon samples were placed in three sections viz. coke/graphite/coke to
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simulate the prototype carbon pits. The hydraulic gradient was reapplied
for 14 days and the hydraulic conductivity of the soil and the potential
differences along the mineral rock, soil column and carbon were recorded
as before.
Results of the Final Test on the Laboratory Model
The calculated hydraulic conductivities and the potentials measured
in the model are presented In Appendix A. In referring to electrical
potentials developed in the model, the sign of the potential refers to
the sign of the right hand electrode as the model is viewed, i.e. the
electrode with the higher code number.
Although the initial potential across the soil column alone (between
platinum electrodes 2 and 4, see Fig. 3) of -20 mV fell to -115 mV during
the second day, by the fourth day a relatively stable potential of
approximately +50 mV was developed and was maintained up to the sixteenth
day; the actual potentials measured ranged from +38 mV to +64 mV. The
potential across the soil column for the five days that the mineral rock
portion alone was attached was approximately +25 mV. Although this is
significantly different from the previous potential at the 0.05 level
(P = 0.036) when a standard t test is applied, the potentials are not
independent observations, as they are related by time. Also, since there
was only one experimental unit, care must be exercised in Interpreting
the significance of the difference.
When the carbon portion was added to the model a potential of
+300 mV was observed across the soil column; this value decreased
300
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Fig. 3. Electrical potential across soil column (Pt. electrodes
2 and 4) vs. time in the laboratory model
rapidly, however, to +67 mV after 8.5 h. After 1 day a potential of
approximately +40 mV was developed and maintained for 14 days. This
potential is not significantly different, at the 0.05 level, from the
previous potentials developed. Heed should be taken, as before, of the
fact that the observations are not independent and that only one experi
mental unit exists.
Zero potential was observed between the electrodes in the carbon.
The potentials observed between any electrode in the soil sample or
mineral rock and any element in the carbon (i.e. between platinum elec
trode 1, 2, 3, or 4 and 5, 6, or 7) was consequently independent of which
electrode in the carbon was involved.
The potential developed between the mineral rock and the carbon had
an initial value of +179 mV, although it should be noted that the soil
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column as a whole was substantially negative with respect to both mate
rials at that time (see Fig. 4). The maximum potential recorded between
500
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Fig, 4» Electrical potential between mineral rock and soil column
(Pt. electrodes 1 and 2) and between mineral rock and
carbon (Pt. electrodes 1 and 5, 6 or 7) vs. time in the
laboratory model
the mineral rock and the carbon was +587 mV after 32 h, but again the
soil column was negative with respect to both materials. After 6 days,
the potential between the mineral rock and the carbon had declined to
+144 mV. It remained at approximately +144 mV for the rest of the 14-day
period, and during this entire time the soil column remained negative
with respect to both materials. This implies that the potentials being
measured are those of different galvanic cells, and not those of a single
electrochemical cell in which the electrolysis of water might take place.
When the mineral rock alone was attached, the potential developed
between the mineral rock portion and the soil column (between platinum
electrodes 1 and 2) attained an initial value of -792 mV which declined
to -18 mV over the 5 day period. When the carbon portion was added, the
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potential developed between the mineral rock portion and the soil coliunn
fell rapidly at first from -553 mV to -147 mV in 8.5 h, and then more
gradually, attaining a value of -4 mV at the end of the 14 day period.
The hydraulic conductivity of the soil sample fell steadily from an
initial value of 3.2 mm/h on the first day to 0.35 mm/h by the sixteenth
day (see Fig. 5). The hydraulic conductivity of the soil temporarily
SOIL ONLY
SOIL *
ROCK
SOIL f MIMFRAL ROCK + CARBON
IS 20
TINB (MY)
Fig. 5. Hydraulic conductivity of soil sample vs. time in the
laboratory model
recovered to 0.68 mm/h after the addition of the mineral rock portion,
but fell steadily to 0.17 mm/h after 5 days. This temporary recovery may
have been due to the removal of the hydraulic head and the up-ending of
the soil column allowing soil pores blinded by fines to become tempo
rarily unblocked. The hydraulic conductivity of the soil sample again
recovered temporarily when the carbon portion was added. A value of
1.4 mm/h was determined initially, but this declined to 0.76 mm/h after
approximately 12 h, whence it continued to fall steadily until, after 14
days, a value of 0.12 mm/h was determined.
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FURTHER TESTS
Mineral Rock and Carbon Half-cells
In addition to the complete laboratory model of the mineral rock/
soil/carbon complex, an attempt was made to produce galvanic cells using
samples of the mineral rock, graphite and carbon alone. Three solutions
were prepared by stirring samples of crushed mineral rock, graphite and
coke in demineralized water. These solutions were then used in pairs
(i.e. three combinations) as the electrolytes in an electrochemical cell;
the two half-cells being connected by a saturated KCl salt bridge (see
Fig. 6). Platinized wires were used as the inert electrodes in the cells
SALT BRIDGE
SOLUTZOKS PROM
HZNERM. ROCK
AND CARBON
—Pt ELECTRODES-
MAGNETIC STIRRER
r\
/
TO mV METER
•
Fig. 6» Schematic diagram of the mineral rock and carbon
half-cells
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and were compared by determining the potential developed between them
when they were placed in two half-cells, each containing identical solu
tions of dilute KCl. The two solutions under test were stirred inde
pendently for approximately 48 h, to allow equilibrium to be reached
before the potential between them was determined by means of a high-
impedance, transistorized voltmeter.
No potential difference between the two electrodes was detected
when they were compared in the dilute KCl solutions. It may be assumed,
then, that any potential difference which developed when other electro
lytes were used was due only to their differing redox potentials. At
equilibrium no potential difference was detected between the electrodes
with any of the three combinations of solutions.
Analysis of the Mineral Rock
A series of analyses were undertaken to identify the mineral rock
and its relevant elemental constituents. Such identifications facilitate
the prediction of the probable redox reactions taking place at the min
eral rock when it acts as an electrode in an electrochemical cell. Pre
liminary investigations by thin section optical analysis revealed that
large crystals of the pyroxene Augite, having a general composition
Ca(Mg,Fe)(SiO^)^[(Al,Fe)20^)were present in a matrix of an anortho-
site feldspar having a general composition (Ca,Na)(Al,Si)AlS102
1
K. E. Seifert, Dept. of Earth Science, Iowa State University,
private communication, 1977.
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The results of this investigation indicated that a wet solution
analysis for aluminium, calcium, iron, magnesium, and sodium might iden
tify which ions would take part in an electrode reaction. Two solutions
were therefore prepared for analysis. The first solution was prepared
by placing a sample of the mineral rock as the anode in an electrolytic
cell in order to dissolve cations into solution. Electrical connection
with the rock was made by means of a platinum electrode immersed in a
pool of mercury which was retained on the upper surface of the sample by
means of a plastic cylinder sealed to the sample with epoxy-resin, A
bright platinum wire was used as a cathode. Demineralized water acted
as the electrolyte since it was considered to be an adequate neutral
conductor which provided a comparable environment to that in the proto
type.
Increasing potentials were applied until, at 180 V, only 0.5 tiA were
drawn. This potential was maintained for 8 days with no appreciable
change in current which, if it were totally due to electrolysis and had
no component of leakage current, is sufficient only to dissolve 3.58
micro-equivalents of the anodic material. This quantity, dissolved in
the 50 ml of electrolyte, produces a solution with a concentration of
71.6 micro-equivalents/1 which is sufficiently dilute to be unsuitable
for wet analysis by conventional means and was considered negligible in
terms of the Sewage Osmosis System. The first solution therefore was
not subjected to a wet analysis.
The second solution was prepared by submerging a sample of freshly
crushed mineral rock (particle size less than 4.75 mm) in demineralized
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water and stirring periodically for a period of 10 weeks. The super
natant liquid was then removed with a pipette and centrlfuged to remove
the suspended solids. Fifty ml of clear solution was removed as a sample
for wet solution analysis. The solution was found to contain low con
centrations of sodium, calcium, and magnesium ions (18.9, 24.0, and 2.9
Ug/ml, respectively) and traces only of iron and aluminium ions (0.02 and
0.07 )lg/ml, respectively)^. The history of the mineral rock is not
known, but concentrations of this order may have been deposited from
groundwater or quarry wash water. The sodium and calcium ions available
from the mineral rock to participate in cation exchange are negligible
compared to those commonly available in groundwater and sewage effluent.
^R. Z. Bachman, Ames Laboratory, Iowa State University, private
communication, 1977.
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DISCUSSION OF RESULTS
There are only three forms in which water may leave the tile leach
field in the Sewage Osmosis System:
i) as hydrogen and oxygen gas,
ii) as water vapor, and
iii) as a liquid.
The energy requirement alone eliminates the first possibility, the
power required for electrolysis being approximately equivalent to a con
tinuous electrical power demand of 35.5 kW per person if a mean dis
charge of 170 1 effluent/capita/day is assumed. There is also no exter
nal potential available for the operation of a working electrolytic cell
since an electrochemical cell cannot simultaneously be both galvanic and
electrolytic as claimed by the licensee. The potential developed in any
galvanic cell is due only to the difference in the redox potentials of
Its electrodes and this potential opposes the current which would flow if
it were an electrolytic cell (for example, the potential of a car battery
opposes that of its charging circuit). The Gibbs-Helmholtz equation
(Moore, 1962) shows also that the decomposition potential of an electro
lyte is greater than its own maximum e.m.f. Thus in order to electrolyze
the effluent, the potential developed in a galvanic cell would need to be
applied via solid, external conductors to a separate electrolytic cell.
There would, however, appear to be Insufficient potential available from
the galvanic cell in question to drive such a working cell. Gases were
not evolved In the laboratory model, and were not detected by wet gas
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analyzers installed above the carbon pit in a field system.^
The energy available annually from solar radiation in the Midwest
is normally just sufficient to vaporize the annual precipitation. The
second possibility is therefore eliminated, since the additional energy
required to vaporize the effluent is not naturally available (Tanner and
Bouma, 1975) and is not supplied from the components in the system.
The water must therefore leave in liquid form. Electroosmosis would
only result in water movement as far as the cathode of the electroosmotic
cell whereupon the water would have to be removed by mechanical means.
As previously stated, continued application of a potential for the pur
poses of drainage by electroosmosis is found to reduce the hydraulic
conductivity of clay soils.
If the Sewage Osmosis System is effective in soils where a conven--
tional system is ineffective, then the mechanism of water removal must
be improved Internal drainage. Such an improvement was not observed in
the laboratory model. It is recognized that the model did not simulate
or reproduce conditions exactly as they exist in the field, since it was
designed and constructed to evaluate the theories postulated by the
licensee.
The attempt to prepare a solution from the mineral rock for wet
analysis, although unsuccessful, did reveal that the mineral rock was an
extremely poor conductor. It is unlikely, then, to behave as even an
^R. J. Smith, Dept. of Agricultural Engineering, Iowa State Uni
versity, private communication, 1976.
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Inert electrode In an electrochemical cell» i.e. it would not readily
form ions as a conventional electrode and it would not conduct as an
inert electrode. This is substantiated by the results obtained from the
attempts to produce a galvanic cell composed of the mineral rock, and
carbon half-cells.
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SUMMARY AND CONCLUSIONS
The Sewage Osmosis System was developed for the on-'Site treatment of
home wastewater where site limitations, such as soil type, available
area, and high groundwater tables, prohibit the installation of conven
tional soil absorption trenches. The system consists of a number of
conventional soil absorption trenches with the addition of mineral rock
(called the anode by the licensee) adjacent to the trenches, and a coke-
graphite complex (called the cathode by the licensee) remote from the
trenches. The licensee claims that the septic tank effluent is moved by
electroosmosls and is decomposed by electrolysis into hydrogen and oxygen
gas. The electrical potential for these processes is claimed to be
developed in the galvanic cell that consists of the mineral rock, the
coke-graphite complex and the septic tank effluent.
A distorted laboratory model of the Sewage Osmosis System was con
structed. The potentials developed between the various components were
measured and the hydraulic conductivity of the soil was calculated
periodically. When initial fluctuations had decayed, a steady potential
of approximately 34 mV, which is attributed to streaming potential,
remained. The hydraulic conductivity of the soil decreased steadily with
time and was not affected by the addition of the mineral rock or carbon
portions of the model. Further tests showed that the mineral rock was a
very poor conductor and that it would not readily ionize; it is unlikely,
therefore, to behave as an electrode in a galvanic cell.
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The licensee's claims pose a number of theoretical problems in light
of electrochemical theory. An electrochemical cell cannot be simulta
neously galvanic and electrolytic; thus the galvanic cell claimed to
exist in the Sewage Osmosis System would be incapable of decomposing its
own electrolyte. Further, the potential of 1 V claimed to be available
in the system is less than the minimum potential of 1.7 V required for
the electrolysis of water. The energy requirement for the electrolysis
of the effluent is approximately equivalent to a continuous electrical
power demand of 35.5 kW per person.
Electroosmosis would cause the effluent to be moved as far as the
cathode of an electroosmotic cell whereupon it would need to be removed
mechanically. In practical drainage applications, potentials up to 200 V
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are applied and energy requirements up to 50 kW-h/m need to be met. The
continued application of a potential is found to tighten soils making
electroosmotic drainage less effective.
Energy is not available from the components of the system or from
external sources to vaporize the effluent or to meet the power require
ments of electrolysis or electroosmosis. If the Sewage Osmosis System
is effective in soils where a conventional system is ineffective, then
the mechanism of water removal must be improved internal drainage. Such
an improvement was not observed in the laboratory model which would
indicate that the addition of mineral rock and graphite/coke in pits
would have no effect on the hydraulic conductivity of the soil in the
absorption field.
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Theoretical considerations and experimental evidence indicate that
if the Sewage Osmosis System is effective in otherwise unsuitable soils,
it is for reasons other than those claimed by the licensee. The develop
ment of a galvanic cell, causing the electrolysis of water in an electro
chemical cell and the movement of water by electroosmosis in an electro-
osmotic cell, are not the mechanisms responsible for any improvement
which the Sewage Osmosis System may show over a conventional soil absorp
tion system.
Final evaluation of the Sewage Osmosis System will depend on the
results obtained from a field installation. These results may indicate
whether there is a differential effect on water movement caused by the
addition of the components used in the Sewage Osmosis System.
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APPENDIX A: RAW AND CALCULATED DATA FROM THE LABORATORY MODEL
Table 1, Hydraulic conductivity of soil sample with time; soil only
Time ATime Volume Hydraulic conductivity
(day) (h) (ml) (mm/h)
0.45 3.50 61,0 3.10
0.64 3.70 67.5 3.21
1.45 3.33 44.3 2.34
1.63 5.00 67.8 2.39
2.45 4.08 45.5 1.96
2.64 4.83 52.7 1.92
3.46 3.00 29.5 1.73
3.63 4.83 49.5 1.81
4.58 5.92 62.0 1.85
6.02 63.17 597.0 1.66
7.54 9.08 79.0 1.53
8.54 9.83 71.0 1.27
9.61 13.42 78.3 1,03
10.55 9.08 36.0 0.70
13.53 8.92 20.5 0.41
14.54 9.83 21.0 0.38
15.84 24.17 47.5 0,35
Hydraulic gradient
= 4477 ram^.
1.268, cross-sectional area of soil sample
A7
Table 2. Hydraulic conductivity of soil sample with time; soil +
mineral rock
Time ATime Volume
a
Hydraulic conductivity
(day) (h) (ml) (mm/h)
16.57 8.50 33.0 0.68
17.54 7.42 18.5 0.44
17.87 18.75 32.6 0.31
18.76 23.83 33.5 0.25
19.91 21.42 23.5 0.19
20.87 24.75 24.3 0.17
^Hydraulic gradient =" 1.268, cross-sectional area of soil sample
= 4477 mm2.
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Table 3. Hydraulic conductivity of soil sample with time, soil +
mineral rock + carbon
Time ATime Volume
a
Hydraulic conductivity
(day) (h) (ml) (mm/h)
21.57 5.75 46.5 1.40
22.08 13.33 57.2 0.76
22,64 13.00 54.7 0.75
23.56 8.42 38.0 0,80
24,55 7,13 27.7 0.69
27.86 24.00 22.8 0.17
28.86 23.83 17.2 0.13
30.02 15.92 13.8 0.15
30.86 24.00 15,0 0.11
32.89 81.50 36.0 0.08
35.03 32.00 21,0 0.12
hydraulic gradient = 1.258, cross-sectional area of soil sample
= A477 mm2.
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APPENDIX B: SAHPLE CALCULATION OF HYDRAULIC CONDUCTIVITY
From Darcy's law the average velocity of flow over the gross cross
section of a porous body is given given by:
Q KAH rn
V = -j~ =—llj
AtA L
3
where Q = the quantity of flow (mm )
At ® the time over which Q passes (h)
3
A ~ the cross—sectional area of the body (mm )
K « the hydraulic conductivity (mm/h)
Ah
= the hydraulic gradient
rearranging [1] then
K = [2]^ AtAAH
assigning values to L, A, and AH for the model
L = 526 mm
2
A = 4477 mm
AH = 667 mm
then [2] becomes
K- 1.76 X10 ^ X^ [3]
Example at time = 1.63 day (see Table 1. Appendix A):
At = 5.00 h
Q= 67.8 ml = 67.8 x 10^ mm^
substituting in [3] then
„ 1.76 X10"^ X67.8 X10^ „K = 5~"00 ° nan/h
